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Abstract

Optical scatter and absorption were measured in the central north Atlantic Ocean

during a mesoscale bloom of the coccolithophorid, Enziliania huxleyi.. The chlorophyll-

spec~lc absorption was similar to previously reported measurements of the same species in

laboratory cultures. Suspended coccolith were responsible for about 80% of the total

backscattering in the center of the bloom and the greatest calcite-dependent backscattering

was observed just below the base of the mixed layer. Areal maps of calcite-dependent

backscattering and reflectance were similar, due to the dominance of backscatter over

absorption. Calculated reflectance at 440 and 550 nm reached about 2470, slightly less

than what has been observed previously in Gulf of Maine blooms. Total scattering (b)

was also calculated as the difference between beam attenuation and absorption. The ratio

b-b (backscattering divided by total scatter) was about 0.01-0.02 at 440 nm and 550 nm at

the most turbid parts of the coccolithophore bloom (b= 1-3 m-l). As total scattering

decreased below 1 m-l , b-b increased. The behavior of b-b was compared for coccolith-

dominated versus chlorophyll-dominated waters. Vertical profiles of calcite-dependent

scattering, combined with satellite remote sensing data, were used to assess the factors

responsible for vertical transport of calcite. The subsurface peak in calcite-dependent

scattering did not result from detached coccolith sinking but resulted either from plated

coccolithophore sinking, then detaching their plates, or from deep coccolithophore

producing and detaching their plates in situ.
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Introduction

Coccoiithophores are members of the algal class Prymnesiophyceae (Green et al.

1990). These cells produce calcium carbonate scales called coccolith which, when

released from the cells, increase its turbidity. They are known as an important part of the

organic and calcite carbon production in the north Atlantic (Lohmann 1920; Hentschel

1936; Halldal 1953 as cited by Braarud 1963). Their optical properties have been the

subject of considerable attention since the discovery that these organisms produce meso-

scaIe blooms, observable by satellite (HoUigan et al. 1983; Aiken and Bellan 1990, Balch et

al. 1991; Trees et al. 1992; Fukushima and Ishizaka 1993; Brown and Yoder 1993).

Satellite data withstanding, observations of turbid coccolithophore blooms have been made

before. Birkenes and Braarud (1952) recorded turbid blooms of Ernzliania hu.deyi in

Norwegian fjords. Anecdotal evidence of white-water blooms in the three major ocean

basins can be found in Brongersma-Saunders (1957) although in some cases, bacteria have

also been implicated (Lapota et al. 1988). Nevertheless, references to “milky” blooms

caused by coccolithophore are fairly common. Berge (1962) cited a bloom in 1955 in

F@desfjord, Norway with coccolith concentrations of 115,000 mL- 1 plus other

observations dating back to 1911, while Braarud (1945) cited a bloom in August 1935 near

other Norwegian fjords with coccolith concentrations of 33,500 mL- 1.

Turbidity in coccolithophore blooms is thought to be principally due to the light

scattering properties of the algal cells and associated coccolith (Ackleson et al. 1994)

although the exact relationships remain poorly defined. By “scattering” we are referring to

particle scattering (as opposed to Rayleigh scattering) where the wavelength of light is less

than, or equal to, the particle size. Such light scattering is mainly in the forward direction

(Hodkinson and Greenleaves 1963) and is size dependent; smaller particles have a smaller

efficiency of scattering than do large particles. Particle scattering in most natural waters is

dominated by particles greater than 2~m (Jerlov 1976). Light scattering of homogeneous

spheres has been modeled (beginning with Mie 1908) but scattering by intricately shaped
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particles like coccolith, or by particles of varying refractive index, such as organic matter

and calcite, is much more complex to solve analytically (Bricaud et al. 1992). The reader is

referred to Kirk (1994) or Jerlov (1976) for excellent reviews of light scattering in the sea.

The scattering coefficient in the sea has often been related to chlorophyll

concentration (Gordon and Morel 1983; Morel 1987) although it is well known that other

types of biogenic particles scatter light (Morel and Ahn 1991). For example, Kitchen and

Zaneveld (1990) observed vertical profiles of scatter that were sigtilcantly different from

chlorophyll profiles. Suspended minerals also are thought to dominate the backscattering

signal in certain areas (Brown and Gordon 1974) but the magnitude of the light scattering

by minerals has been poorly understood in space and time. Given the ubiquitous

distribution of coccolithophore in the world ocean, it is also likely that a significant

amount of reflected light detected by satellite remote sensors is from calcite which may

cause error in the remote determination of chlorophyll (Balch et al. 1989). Knowledge of

the bio-optical properties of coccolith are important for correction of remotely sensed

pigment data.

Interestingly, there have been virtually no published laboratory studies of

coccolithophore light scattering (this is currently ongoing in our laboratory) and one

laboratory study on absorption by E. huxleyi (Morel and Bricaud 1981). The only

observations of light scattering by coccolithophore are from a scant few field studies.

This paucity of data is striking, given the importance of calcite to carbon sedimentation,

burial, as well as its potential impact on water-leaving radiance, and the remote sensing of

phytoplankton chlorophyll.

We have studied the optical properties of E. huxfeyi in nature. There are three

important constraints that affect the interpretation of field data. First, measurements must

be made in situations dominated by coccolithophore, with minimal representation by other

algal groups. Second, the growth dynamics of the populations must be well-documented

because bio-optical properties of coccolithophore charge as populations age and cells drop

5



their coccolith (Balch et al. 1992, 1993). Third, the optical properties of the calcite must

be separable from the properties of other organic and inorganic matter.

A meso-scale coccolithophore bloom formed south of Iceland during June-July of

1991 which met all of these requirements. The turbid bloom covered an area of about 0.5

million km2, E. huxleyi was the dominant phytoplankton species. There was excellent

satellite coverage from the beginning to the end of the bloom (about 3 weeks), so the

growth dynamics were well documented in space and time (Holligan et al. 1993; Femandez

et al. 1993). We were able to separate the optical properties of calcite from organic matter

by making measurements before and after calcite dissolution. This paper is the frostof a

two part series; pm I summarizes the absorption, scattering and backscattering properties

of this spectacular algal event and part II (Balch et al. submitted) relates these properties to

the particle concentrations, as well as their size.

Methods

Observations were made on cruise 60 of the RRS Charles Darwin (CD60) from 13

June to 3 July, 1991. The cruise track is shown in figure 1. Two transects were made

along the 20°W and 15°W meridian. Detailed vertical profdes of light scattering and

absorption in the top 100-200 meters depth,were performed at 24 hydrographic stations

(Table 1). One of the stations was close to an optics mooring at 59039’ N x 20059’ W.

While steaming, underway surface samples were taken hourly for pa-title absorption,

volume scattering, chlorophyll concentration, and beam attenuation. The concentration of

suspended calcite, cell and coccolith counts also were measured but the relevance of these

to the optical signal will be discussed in the second paper of this series (Balch et al.

submitted). Other measurement details can be found in Holligan et al. (1993).

Pigment Concentration

Pigment measurements were made using the technique of Yentsch and Menzel

(1963), modified by Helm-Hansen et al. (1965). A seawater sample of 200mL was
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filtered onto Gelrnan GFF fiiters, then the pigment extracted overnight at 4°C in 10mL of

90% acetone. Fluorescence was measured with a Turner 111 fluorometer.

Volume Scattering Measurenlents

Samples for measuring volume scattering were collected from Niskin bottles and

stored in polyethylene bottles prior to the measurements (which immediately followed the

cast). Volume scattering is dellned by Kirk (1994) as “the radiant intensity in a given

direction from a volume element, dV, illuminated by a pmllel beam of ligh~ per unit of

irradiance on the cross-section of the the volume, and per unit volume”. Measurements of

volume scattering were made with a Brice Phoenix model 2000 light scattering photometer

(Brice et al. 1950). The reader is referred to Spilhaus (1965), and Pak (1970) for

discussions on the accuracy and precision of the Brice Phoenix light scattetig photometer

when used with sea water samples. Each 30mL sample was placed in a 6-sided glass

cuvette designed for sampling at 450, 900 and 1350. Occasionally, samples were allowed

to warm several degrees before making measurements to eliminate condensation on the

cuvette windows. Replicate measurements made over 30 minutes of warming showed no

effect on the volume scattering function. Calibration of the instrument was made with an

opal glass reference and working standard supplied with the instrument. Calibration

constants were checked routinely to determine the instrument’s stability. Finally, distilled

water blanks were run to verify instrument calibration and to check the absolute accuracy of

the instrument. These consisted of 0.2~m-filtered distilled water from a Mini-Q system,

and were run 27 times during the cruise . Dark current measurements were performed

after every sample. During one experiment, volume scatter of a bottled sample was

examined immediately and after 16.5h in a surface-cooled deck incubator to verify any

containment effects. The 900 volume scatter decreased about 12% over 16.5h (about 0.7%

per hour). Given that our samples were run immediately following a cast, and only 3

angles were measured, any containment effect would have been negligible. This is in

7



agreement with Spilhaus (1965) who demonstrated that containment effects were negligible

provided storage time was <= lh (he took readings at 50 intervals between 300 and 1350

thus sampling time was potentially longer).

Volume scattering of each seawater sample was measured at the three angles stated

above and at two wavelengths (436 nm and 546 rim). Then the sample was bubbled for

30s with C02 (Paasche 1962) which reduced the pH to 5.0 and dissolved the calcium

carbonate. Volume scattering measurements were repeated on the de-calcified samples.

Cell counts were performed as a control to verify that the cell concentration was unaffected

by the C02 bubbling and only the calcite dissolved. An Olympus BH2 microscope

equipped with polarization optics and epifluorescence was used on board the ship for this

purpose.

The technique of Gordon (1976) was used to calculate the backscattering coefficient

(bb, that fraction of light scattered in the backwards direction per unit thickness; See Table

2 for complete list of symbols used in this work). The method uses volume scattering at

450,90°, and 1350 as input. Essentially, the input volume scattering data are fit to an

analytic expression of Beardsley and Zaneveld (1969), and this function is integrated in the

backwards direction to calculate the backscattering coefficient. The difference between the

raw and the aciditled backscattering was considered “calcite-dependent backscattering”

(bb’).

Particulate Absorption Measurements

A retlectometer technique was used to measure the particulate absorption coefficient

(ap, the fraction of incident quanta that are absorbed per unit thickness of a material). A

complete description of the technique, with comparisons to the spectrophotometric method,

can be found in Balch and Kilpatrick (1992). One liter samples were filtered through baked

Gelman GFF tilters for particulate absorption measurements. The filters were stored in

plastic petri dishes and frozen at -200C for up to 3 days. Mitchell and Kiefer (1988) have
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indicated rhat absorption spectra of titer pads with phytoplankton are stable at this

temperature. Before analysis, a flat-black circular mask was placed over each tilter to cover

the clean white rim, free of particles. Spectral reflectance of each filter was measured every

10 nm between 400 and 700 nm using a hand-held Colormet spectral reflectometer

(Instrumar Engineering Limited, St John’s, Newfoundland, Canada). Absorbance was

calculated based on the ratios of reflectance from sample and blank using the Kubelka-

Munk function (Kubelka and Munk 1931 as cited in Kortum 1969). The absorption

coefficient is calculated using the clearance area of the falter, the volume filtered, and a path

correction. Pigment-specitlc absorption coefficients are within 5% of those calculated

using the spectrophotometric filter pad technique of Mitchell (1990) performed on the same

samples, provided the optical densities of the filtered sample >0.3 (see Balch and Kilpatrick

1992; their Fig. 7). In situ absorption measurements were not available to compare to the

filter pad measurements. No detrital correction was made for the particulate absorption,

thus, ap values may have been overestimated, although in the middle Atlantic, the

concentration of colored dissolved organic matter is expected to be low. No correction was

needed for coccolith absorption; it has been previously demonstrated in other

coccolithophore blooms that coccolith absorb negligible light between 400 and 700 run

(Balch et al. 1991; their Fig. 9).

Beam Attenuation Measurenwnts and Scatter Calculations

Beam attenuation (fraction of a parallel light beam which is absorbed or scattered

per unit pathlength) was measured using two beam transmissometer, a Sea Tech 0.25m

pathlength transmissometer with a wavelength of 660 nm and the Scripps Vis Lab Spectral

Transmissometer (VLST; Petzold and Austin 1968) with a folded 1 m pathlength. The

model of Voss (1992) was first used to calculate c4,40and c550 from measured values of

c660 (Sea Tech) and c535 (VLST) respectively. Voss (1992; his Fig. 8) has tested and

verified this model in a wide variety of water types, including coccolithophore blooms with
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attenuation values >1m- 1. Following the correction of the data for wavelength, the

differences in optical geometry were corrected according to Voss and Austin (1993). Voss

(1992) and Voss and Austin ( 1993) should be consulted for complete details about the

correction procedures.

Total scatter (b; the integrated volume scattering function over all solid angles) was

calculated as the difference between beam attenuation (c) and the sum of water absorption

(aw) and particulate absorption (ap). Values of aw were taken from Smith and Baker

(1981).

Specfrorudiometer A4easuremenfi

Measurements of radiance (quantum flux per unit solid angle) and irradiance

(quantum tlux on a surface normalized by area ) were made with a Biospherical

Instruments MER 1032 spectroradiometer. Data discussed in this work are for

downwelling irradiance (410, 441,488, 532, 550, 589, 633,656, 671, and 694 rim),

upwelling irradiance (410,441, 488, 520, 550, 589, 633, and 67 lnm), upwelling radiance

(410,441, 488,520,550,589, and 710nm), and scalar irradiance (PAR).

Results

The performance of the Brice Phoenix Light Scattering Photometer showed

negligible drift in both calibration constants and distilled water checks over the period of

this cruise. Distilled water blanks (n=27) were run over the two weeks and values were

close to pure water values in absolute terms, and stable. Average volume scattering at 900

(~90) was 2.99x10-4 m-l sr 1 at 436nm (standard deviation=l .91x 10-5; coefficient of

variation=6.5%) and 1.41X10-4 m- 1 sr-l at 546nm (standard deviation= 1.89x10-5;

coefficient of variation= 13.4%). Interpolated pure water values published by Jerlov (1976)

were 2.527x 10-4 m-1 sr- 1 at 436 nm and 0.9604x 10-4 m-1 sr- 1 at 546nm; the reason the

ship values were higher than pure water values is probably due to the difficulty in achieving



particle-free water aboard ship. The other measure of the stability of this instrument was

the variation of the calibration coefficients. Calibration records are available for this

particular instrument for the last 14.5 years, and show that between 1978 and 1993, using

the same opal glass standard, the calibration coetllcient at 436nm and 546nrn decreased by

0.47% per year and O.12% per year respectively. Thus, over the course of this 3 week

cruise, instrument drift would have been negligible.

Volume scattering at 900 reached extremely high values within the north Atlantic

coccolithophore bloom: 0.02 m-1 sr 1 at 440 nm and 550 nm which is about 70X and

165X the value of pure seawater at the respective wavelengths (Gordon et al. 1980). Over

the entire North Atlantic study area, 900 volume scattering and backscattering were linearly

related at both wavelengths, with the most variability in the relationship seen with the

clearest water. The relationships relating backscattering to 900 volume scattering at 440

nm and 550 nm are given in Table 3. The least-squares fhs were highly significant

(r2>=0.997; P(Type 1)<0.1’%;F statistics exceeding 55,000!).

The difference between raw and acidified backscatter (bb’)was almost always

measurable. It should be noted that in samples where coccolithophore were absent, no

significant change in scatter was observed upon bubbling with C02. Some bb’ values of

zero were observed in the southern portion of the study area, but negative values were rare,

indicating that cell breakage was negligible.

Calcite-dependent backscattering represented over 70% of the total backscatter in

vertical profiles and was highest within the top 40m. Below 40m, bb’ values were about

10-15% of the total backscattering at 440 nm and 550 nm (Fig. 2A and B). While the

phytoplankton population was dominated by E. huxleyi in the high reflectance feature,

non-calcareous species dominated outside the patch. However, two species of calcareous

algae were found at 59039’ N x 20059’, outside the dense coccolithophore bloom,

Coccolitiws pelugicu.s (78 cells mL- 1) and E. huxkyi (681 cells ml-1) with a very low

concentration of detached E. h~~rleyi coccolith (9 ml-1). C. pelugicus did not drop its
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plates appreciably. Due to the large size of C. pelagicus cells, their calcite dominated the

total suspended calcite. Even in this “non-bloom” station, about 25-33% of the total

backscattering was due to calcite (bb’) down to 50m depth (Fig. 2C and D).

At all of the stations, both total backscattering and calcite-dependent backscattering

showed well-defined wavelength dependence. Least squares linear fits for bb~() versus

bb550 and bb’4@ versus bb’550 are given in Table 3. These relationships translated to a

wavelength dependence of 1-1-212 for total backscatter and k-1.196 for calcite-dependent

backscatter which was highly significant (P=O.001; F statistic>7000; r2>0.979).

Chlorophyll (Chl) and particulate absorbance were positively correlated, although

there was somewhat more variability than in the above scattering relationships (P(Type

1)<0.001, F statistic= 648 and 273 and r2=0.721 and 0.521 at 440 and 550 nm

respectively; Table 3). Using, these results, the value of ap*4.40varied from 0.18 at the

lowest chlorophyll concentrations to 0.078 at the upper chlorophyll concentrations. There

was no significant covariation between ap and bb or ap and bb’.

Maps of surface ap, bb and bb’ at 440 nm and 550 nm allowed examination of the

lmge-scale patchinessof theseoptic~ propefies. wi~in the bloom, values of ap~o ~d

ap550 were highest along the 15oW transect and in the far western part of the survey area

between 22°W and 23°W. Lowest particulate absorbance values within the bloom were

observed along the 20°W transect. Outside the bloom, the highest particulate absorption

was observed at the shelf break off of the northwest coast of Ireland (Fig. 3A and B).

Patterns of bb and bb’ were very similu for both wavelengths; this was expected given

that calcite backscattering represented at least 70% of the total backscattering in the bloom.

Highest backscattering values were observed in the western pm of the survey area (Fig.

3C,D,E, and F).

Vertical sections of ap at 440 nm and 550 nm (Fig. 4A and B) showed greater

absorbance at the northern part of the transect, with a peak between 58-58 .5oN, similar

the chlorophyll pattern (Femandez et al 1993) but outside of the region of maximum

12



turbidity. Below about 50 m, phytoplankton absorption generally declined. The vertical

section of backscattering (Fig. 4C and D) showed greatest values at61°N and at 25m

depth. This same pattern was observed for the bb’ data (Fig. 4E and F), again suggesting

that the backscattering in the surface water column was dominated by calcite-dependent

scattering.

The beam attenuation data were fiist corrected for wavelength differences, then

instrument differences. At 8 stations of the cruise, there were simultaneous transmittance

measurements using both instruments. Uncorrected VLST transmittance (with water

subtracted,cvlst535) was correlated to uncorrected ST transmittance (with water subtracted,

cst660; Fig 5A; r2 = 0.97) but the least squares fit to the data showed signitlcantly higher

beam attenuation of suspended material at 535 nm than 660 nm. After adjusting both to the

same wavelength according to Voss (1992; see Fig. 5B for example of c corrected to 550

nm; r2 = 0.97), the VLST still gave significantly larger beam attenuation values after water

was subtracted. Following correction of the data for differences in optical geometry, the

data fell considerably closer to the 1:1 line, although some deviation still was observed at

low attenuation values (Fig. 5C; r2 = 0.97). These results showed that the correction

~~ori~ms of Voss (1992) and Voss ~d Austin ( 1993) functioned adequately; henceforth,

these algodhms were applied to all c measurements to make the data from the two

transmissometers intercomparable.

Once beam attenuation results were tabulated, then total light scatter (b) was

calculated as the difference between total beam attenuation and total absorption. Values of

b reached as high as 3 m-1 in the center of the bloom. Due to the time-consumin: nature of

the measuring absorption and beam attenuation to calculate the scattering coefficient, we

derived an empirical algorithm to conveniently estimate b(k) based on the easier

measurement of bb(k):
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b(k)=bmax(l) [ bb(~)-bbo(~) 1
Kb(k)+(bb(k)-bbO(l)) (7)

The parameter bmax(~) represented the maximum scattering, bbo(~) represented tie lower

limit of total backscattering, as b(k) approached clear water values, and Kb(k) represented

the value of bb(~) when b(k) was one half its maximal value. The equation was iteratively

solved at varying values of total backscattering and the results me given in Table 4 and Fig.

6. The same data were plotted showing the backscattering probability, bb(l)/b(k) (=b-b)

as a function of b(k) (Fig. 7). It can be seen that at b(440) and b(550) values of 1 m-1, b-b

was 0.01 to 0.02. Below 1 m-1, b-b increased to high values of 0.3 at 440nm and 0.6 at

550 nrn in the clearest ocean water but such high values are questionable as will be

discussed later.

Discussion

Optical observations

Backscattering and the shape of the volume scattering function (VSF) were similar

to previously described VSFS of coccolithophore blooms ( Balch et al. 1991) as indicated

by the ratio of bb/~90. Pure seawater without particles should have a bb/f190ratio of

about 8 sr at 550nm (Gordon et al 1980). In clear water off the Bahamas, the bb/~90 ratio

at 530nm was 6.67 while in the very turbid water of San Diego Harbor, the bb/~90 ratio

was 4.16 (Petzold 1972). Cleady, as turbidity increases, the volume scattering function

fIattens in the backwards direction so that bb/~90 falls. The same was true in the

mesoscale coccolithophore bloom studied here. Brice Phoenix measurements showed that

~ 135 values generally were close co the ~90 values when coccolith concentrations were

highest (approaching a flat VSF in the backwards direction). Moreover, the least square

fits to the backscattering versus volume scattering relationships (Table 3) gave bb/~90
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ratios of 5 sr (440hm) and 4 sr (550nm) when large numbers of suspended coccolith were

present. This can be compared to previously measured bb/~90 ratios of the 1989

coccolithophore bloom in the Gulf of Maine (Balch et al. 1991; their table 1, station 4)

which were 4.3 sr (440 nm) and 5.9 sr (550 rim).

The North Atlantic bloom differed from the Gulf of Maine blooms in that

the wavelength dependence of backscattering was less than published previously (k–l. 19

as opposed to A-l “45 ; see Balch et al. 1991) but this should be interpreted cautiously since

it is based on only two wavelengths. There also were two similarities between the

aforementioned blooms. Water with high backscattering coefficients was confined to the

top 20-30 m in the North Atlantic, as in the Gulf of Maine. Finally, in the Gulf of Maine,

>75% of the backscatter was from coccolith, similar to the North Atlantic bloom.

Regional variability of bio-optical properties

The aerial extent of the bloom was probably larger than indicated by the Advanced

Very High Resolution Radiometer (AVHRR) imagery. In regions thought to be well

outside the bloom, based on the satellite images, 1/3 of the backscattered light was still

attributed to suspended calcite (Fig. 2C and D). The extent to which the bloom size was

underestimated from the satellite images carI be seen in Fig. 8 which shows bb’overlaid on

the AVHRR image of June 19, 1994. When this image was made (19 June, 1991; 1504

GMT) , the ship was at about 600N x 200W and it can be seen that there was low

reflectance in the satellite image yet there was measurable bb’ (Fig.8). Generally, the

patterns of the high reflectance measured by the satellite agreed well with the patterns

defined by the objective contouring of bb’. More important, though, is that there was

measurable bb’ along the 200W transect as far south as 550N (500 km south of the tlrst

visible high reflectance water at 6 loN; ). Indeed, Holligan et al. (1993) reported

concentrtitions of coccolith of 5000-10,000 mL- 1 at 57 oN. While there is no doubt that
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the very high reflectance water extended from 6 loN to 630N, it should be kept in mind that

E. huxleyi significantly impacted the optical properties of the water as far south as 550N.

We predicted irradiance reflectance, R, of the surface water based on the measured

values of ap and bb using equation 2 of Gordon et al. (1988):

2

R = Q * Z1i * {bb/(a+bb)}i

i= 1

(2)

where 11and 12are empirically-fit coefficients equal to 0.0949 and 0.0794 respectively.

Total absorption (a) was set equal to the sum of paniculate absorption and water

absorption. This model required knowledge of Q, the ratio of upwelling radiance to the

upwelling irradiance toward zenith. Q equals z for a totally diffuse radiance distribution

and increases with zenith angle. Average values of Q at 440 and 550 nm were 6.00 and

6.12 respectively and these values were used in all subsequent reflectance calculations

(Table 5). Patterns of surface reflectance (Fig. 9) were remarkably similar to the patterns

of bb’ (Fig. 3E and 3F). Reflectance values predicted by equation 2 were as high as 2170

at 440 nm and 249o at 550 nm in the northwest sector of the survey area. The predicted

reflectance values at 440nm and 550nm were compared with values measured with the

MER spectroradiometer. There were seven stations where this comparison was possible

(Fig 10). At both wavelengths, the predicted irradiance reflectance accounted for 89% or

93% of the true variance in R440 and R550, respectively. The standard error of the

predicted reflectance based on these relationships is +/- 3.4% and 2.3% at 440nm and 550

nm respectively. For the comparison shown in Figure 10, the slopes were not

significantly different than 1 nor were the intercepts significantly different from zero

(P(Type 1)<0.05). Such reflectance values area bit lower than those measured with a

spectromdiometer in the 1989 Gulf of Maine coccolithophore bloom (26.8% and 32.8V0
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respectively; Balch et al. 1991, their Table 1). It also should be noted that the ship crossed

through a shelf-break coccolithophore bloom while returning to Scotland which can be seen

in the southeast portions of the contour maps (Fig. 3).

The particulate absorption data allowed calculation of the chlorophyll-specific

absorption coefficient of a coccolithophore population dominated by E. huxleyi. There

were other species present such as cyanobacteria, naked dinoflagellates, and other

miscellaneous eukaryotic microflagellates, thus while coccolithophore dominated the algal

assemblage, it was not a pure population. The range of chlorophyll-specific absorption--

0.098 to 0.14 m2 mg chl-l at chlorophyll concentrations of 1.5 and 0.1 yg L-1

respectively-- was similar to the range observed by others and is indicative of a package

effect (Morel and Bricaud 1981; see also Yentsch and Phimey 1989; their Fig. 6). While

the chlorophyll-specific absorption was high relative to non-coccolithophore species

(Mitchell and Kiefer,1988), the average ap*440 in the most turbid part of the

coccolithophore bloom was about 0.10 m2 mg chl-1, ~ good agreement with Morel ~d

Bricaud (1981) who found ap*440 of E. huxleyi cultures to be about 0.093 m2 mg chl-l.

The ap*440 values showed no signillcant correlation to bb throughout the study area.

Absorption at 440 nrn was well correlated to chlorophyll biomass, but it is worthy of note

that the high concentrations of coccolith were not necessarily associated with the

maximum chlorophyll biomass. In fact, along the 200W transect, the largest 440 nrn

absorption (hence highest biomass; Femandez et al. 1993) was observed at the edge of the

high reflectance feature, not inside it (Fig. 3 and 4). This further supports the view that

the term “bloom” is a misnomer with coccolithophore.

Van-ability in the ratio of backscatter to scatter

Clearly, in the North Atlantic coccolithophore event, scatter dominated absorption

in terms of its impact on beam attenuation. Total scatter calculated from the difference

between beam attenuation and absorption was as high as 3.3 m-l at 440 nm and 2.9 m-l at

550nm, almost 25-fold greater than the largest 440 nm absorption and 100-fold bigger
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than 550 nm absorption observed in the bloom. The relation of total scatter to backscatter

was highly nonlinear (Fig. 6), as would be expected since the forward part of the volume

scatter function changes shape dramatically with increasing particle load. The volume

scattering function of pure water is symmetrical which sets the upper value of b-b at 0.5.

The same results in Fig. 6 were replotted (Fig. 7) to show the values of bb- as a function

of b. It can be seen that in the most turbid parts of the bloom with b>l.0, the value of b-b

was about 0.01, regardless of wavelength. The most ditllcult region to calculate b-b (that

is when b-b is changing most rapidl y) is when b falls between Oand 0.5 m-1 which also

happens to be when absorption becomes a more important part of the total beam

attenuation. Note that measured b-b values approached the value of 0.5 in deep water

samples, when b was lowest. This must be interpreted cautiously since such clear water in

nature is highly unlikely. Most likely, this resulted from signitlcant error in the b

calculation (c-a) at these low pigment concentrations.

Values of b-b were compared in this coccolithophore bloom as well as in

chlorophyll-dominated waters (using the least squares relationship of Gordon and Morel

1983; their p. 62). Plots of b-b 550 vs b-b440 showed the characteristic decrease of

b-b 550 and b-b 440 in turbid water whether chlorophyll or calcite dominated the scattering

(Fig. 11). In other words, backward scattering decreased relative to total scatter in the

coccolithophore bloom for scattering values up to 3 m-1 (Fig. 7) or chlorophyll

concentrations up to 10wgL-1. At low chlorophyll concentrations with no suspended

calcite, b-b440> b-b 550. When the chlorophyll a concentration exceeds lmg m-3, b-b

550> b-b 4.40; the volume scatter function is changing as a function of both chlorophyll

and wavelength. In the coccolithophore bloom, b-b4,40 always exceeded b-b 550 and the

ratio b-b 550/ b-b 440 was essentially constant at high coccolith concentrations (Fig. 11).

Thus, backscattering was a constant fraction of total scattering at the two wavelengths. For

plots of b-b 550 vs b-b 440, the data for chlorophyll-dominated vs. caicite-dominated

walersintersected at a chlorophyll concentration of about 0.25yg L-1 and coccolith



concentration of about 100,000 mL- 1, implying similarly shaped volume scattering

functions. Moreover, this confounding effect of variable chlorophyll made for a poor

relationship between coccolith concentration and b-bin the coccolithophore bloom in the

North Atkmtic.

h previous coccolithophore blooms, coccolith concentration has been best

calculated based on 550nm backscattering or reflectance, not b-~ because the former is less

affected by chlorophyll a. Unfortunately, coccolith reflectance still contaminates the 440nm

absorption band of chlorophyll (Gordon et al. 1988; Balch et al. 1991, Ackleson et al.

1994), which causes R44@R550 to increase, and the calculated pigment concentration to be

underestimated (Morel and Prieur 1977). The extent of this error still needs to be defined.

To do this, one must first deilne the quantitative relationship between suspended calcite

concentrations or coccolith concentrations, absorption, and scatter. This was done in this

meso-scale coccolithophore patch in the north Atlantic and is the subject of Balch et al.

(submitted).

The vertical disnibution of calcite light scatter

Vertical profiles of light scatter in the mesoscale coccolithophore feature may have

been influenced by several processes: sinking of plated cells and detached coccolith,

production and detachment of coccolith at depth, grazing and defecation of coccolith, and

vertical mixing. While it is not possible to quantitatively determine the importance of these

various processes using this data set, a discussion of the qualitative impact of of these

processes is in order, given the space and time constraints of the bloom.

To estimate the importance of sinking to our optical profiles, we needed to know

the time scale of bloom formation. On June 10 at 200W and 600N, there was no high

reflectance apparent in the satellite imagery, however, the bloom was well underway by 15

June (Holligan et al. 1993). Thus, assuming June 10th as the start date of the surfiice

bloom means that bloom ages may be overestimated. Nevertheless, a reasonable time scale
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for the development of the optical protlles shown in Figure 2A is about 14 d. The issue

becomes whether sinking coccolith could explain the variability in the shape of the light

scatter proffies that we observed.

Sinking rate estimates of detached coccolith are rare in the literature. Brarrdette

(1961) cited a sinking rate for detached coccolith of about 5000m in 10 years (or -1.4 m

d-1) but gave no details on the calculation. This seems too fast given the empirical data of

Honjo (1976), who measured sinking rates of detached E. huxleyi coccolith at 0.14 m

d-1. To assess the applicability of Honjo’s sinking rates to other species, classic stokes

sinking rates were calculated for comparison. According to Eppley et al. (1967), based on

earlier work of McNown and Ma.iaika (1950), the sinking velocity can be described by the

equation:

VS= (pC-pW)V g/(3K q D z) (3)

where vs is the sinking rate (ms- 1), pc and pw are the density of the calcite (2700 kg m-

3, and water (1025 kg m-3) respectively, V is the coccolith volume (1.227 x 10-18 m3), g

is the gravitational constant (9.8m S-2), K is a shape factor (which for flat discs at low

ReynoIds numbers =1.35; see McNown and Malaika 1950; their fig. 4), v is the dynamic

viscosity (1.08 x 10-3 Kg(ms)- 1 at 200C), and D is the nominal diameter of an oval

coccolith (D= 1.156 x 10-6m defined as 2(abc)0.333 where a, b, and c equal one-half of

the thickness (0.25~m), length (2.8p.m), and width (2.2~m) respectively). The sinking

rate calculated from the above equation was 0.11 m d-1 in good agreement with Honjo

(1976). Thus the deepest that surface coccolith could have sunk in 14 d was about 2m, so

sinking of detached coccolith would not have been expected to signillcantly iniluence the

optical profiles over a fortnight.

The backscattering profile from 24 June 1991 ( Figs. 2A and B) showed little

calcite-dependent light scattering deeper than 40m depth. The mixed layer at this station



was about 11 m thick. Given the above sinking rates, it would have been impossible for

detached coccolith to sink from 1lm to 40m in two weeks as this would have required a

minimum net sinking velocity of about 2 m d-1. It is possible that the coccolith sank

while attached to cells. Had the calcite been precipitated at 20m, and sunk to 40m attached

M, then a 1.4m d-l sting rate would have been required, close to Eppley et al.’s

sinking rate for plated E. huxleyi cells (1.3m d-1; Epple y et al. 1967). However, there are

two important factors which should be kept in mind when discussing the optical impact of

sinking plated cells: 1) coccolith-specific light scatter is generally thought to be greater

when the coccolith are detached from cells, not attached (Holligan et al. 1983). Thus,

faster-sinking plated coccolithophore cells may alter the light scatter protle, but their optical

impact is not as great as the slowly sinking detached coccolith, 2) microscopic

examination of water at 40m at the station given in Figure 2A revealed both detached and

attached coccolith. Fecal pellets also could have carried the coccolith from the surface to

40m in less than a day (sinking rates >150m d- 1 ; see Honjo 1976) but the major impact of

coccolith grazing is not moving coccolith a few meters depth, but stripping coccolith

from the euphotic zone (Honjo 1976).

Physical overturn certainly could have mixed surface coccolith downwards to

achieve the optical profiles observed in Figure 2. However, had vertical mixing been

involved in transfening coccolith to depth, then the temperature profile also should have

been isothermal to 40m, which was not the case (see temperature profile in Fig. 2B).

In situ calcification and coccolith detachment remains the most likely factor affecting

the profile of light scatter shown in Figure 2. Fernandez et al. (1993) demonstrated active

calcification at depth in the same part of the bloom that we sampled. Given their observed

calcification rates (about 1 mg m-3 d-l at 38m; see their figure 8D) , and a carbon per

coccolith of 0.25 pgC (Balch et al. 1991), then over 14d, the iinal coccolith concentrations

should have been about 56x 103 coccolith mL- 1. Furthermore, using the relationship

between coccolith concentration and bb’ (Balch et al. 1991; their Fig. 11A &B), then
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56,000 coccolith mL-l would have produced bb’tio and bb’550 of 1.09 x 10-2 and 8.24

x 10-3 m-1, respective y This is within 25-30% of the values that we observed at 40m in

Fig. 2A and 2B, reasonably close given the broad assumptions involved.

In summary, the subsurface scatter proffles probably resulted from at least two

possible mechanisms: 1) plated, sinking coccolithophore shedding plates at depth (thus,

rhe calcite originated from shallower depths) or 2) in situ calciilcat.ion and deplating at

depth by neutrally buoyant cells. Distinction between these two hypotheses will not only

help elucidate the vertical distribution of calcite-dependent light scatter in the sea, but it will

help in the interpretation of the complex ecology of these organisms. Moreover, the

distinction is relevant to geochemical issues such as interpreting the calcite stable isotope

signatures in the surface ocean, their extent of disequilibrium and resulting effect on the

sedimentary isotope record (Paull and Balch 1994).
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Table 1- Dates (month.day), times (local) and positions (decimal degrees) of hydro-stations visited during t]
DATE time JDAY lat lon
1991 (local) ON OW—.

6.17
6.17
6.18
6.19
6.19
6.19
6.19
6.20
6.21
6.21
6.22
6.23
6.23
6.24
6.24
6.26
6.26
6.27
6.28
6.29
6.29
6.30
7.01
7.02

2.50 168.10
12.08 168.50
9.50 169.40
1.00 170.@l
12.00 170.50
21.20 170.88
21.33 170.89
15.42 171.64
19.50 172.81
19.50 172.81
9.50 173.40
1.17 174.05
11.00 174.46
1.00 175.04
18.75 175.78
9.50 177.40
9.50 177.40
15.83 178.66
0.50 179.02
3.75 180.16
14.33 180.60
16.12 181.67
17.50 182.73
10.10 183.42

55.84 19.94
56.01 19.99
58.18 20.01
60.00 20,00
60.00 20.00
59.99 19.84
60.03 19.99
61.67 19.95
62.99 20.00
63.56 21.33
61.52 22.60
61.08 22.70
61.11 22.71
61.10 22.71
61.12 23.02
59.65 20.97
59.64 21.10
61.18 15.18
61.20 15.16
61.14 14.81
60.95 15.55
61.02 14.71
57.35 12.67
56.39 8.61



Table 2- List of symbols, with definitions and units . Values are given when applicable.

ap

ap*

b

bb

bb’

b-b

pe

Cvlst

Cst

Cw

D

i?

n

K

Q

R

pc

ps

v

phytoplankton absorption coefficient (m- 1)

phytoplankton-speciiic absorption ( m-2 (mg Chl-l))

Scattering coefficient (m- 1)

BackScatter coefficient (m-1)

Backscatter coefficient of calcite (m-1)

Ratio of scatter to backscatter, also known as backscattering probability

Volume scatter at angle e (m- 1 sr-l)

beam transmittance as measured with the Vis Lab Spectral Transmissometer (m-1)

beam transmittance as measured with a Sea Tech 0.25m pathlength transmissometer

(m-l)

beam transmittance of water (m-1; value used here from Gordon et al. (1980)

nominal diameter of an oval coccolith (1.156 x 10-6m )

gravitational constant (9.8m S-2)

dynamic viscosity (1.08 x 10-3 Kg(ms)-l at 200C)

shape factor (unit.less; for flat discs at low Reynolds numbers =1.35)

ratio of upwelling radiance to the upwelling irradiance toward zenith (unitless)

irradiance reflectance (defined as upward tiadiance/downward irradiance)

density of the calcite (2700 kg m-3)

density of water (1025 kg m-3)

coccolith volume (1.227 x 10-18 m3)
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Table 3. Statistical summary of linear optical relationships during the BOFS cruise. Table

provides the name of the independent variable (Ind. Var.), Dependent variable (Dep. Var.),

number of points, least-squares fit slope, standard error (se.) of the slope, least-squares fit

intercept (Int), stand~d error of the intercept, coefficient of correlation, F statistic (equal to

the regression mean square/residual mean square), and P, the probability that the slope is

equal to O(* indicates PcO.001, Type 1error). Where regressions were performed using

log transformed variables, this is shown in tie r~st two columns.

Ind Dep n Slope se. Int s.e r2 FP

Ln bb(~()) Lnf19(440) 157 4.913 1.68E-2 2.71E-3 7.77E-5 0.998 85058 *

Ln bb(550) LnfM3(550) 156 3.891 1.65E-2 3.37E-3 7.07E-5 0.997 55573 *

bb (550) bb(~()) 156 0.762 7.99E-3 3.1OE-4 1.98E-4 0.983 9124 *

bb’ (550) bb’(440) 154 0.766 9.06E-3 1.18E-5 1.68E-4 0.979 7148 *

ap(440) chl ~ 253 0.0685 2.69E-3 2.91E-2 2.96E-3 0.721 648 *

ap(550) chl ~ 253 0.0129 7.78E-4 8.15E-3 8.55E-4 0.521 273 *
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Table 4- Best-fit parameters for empirical algorithm predicting b(k; m- 1, horn bb(~; m-l)

in North Atlantic coccolithophore bloom.

A (rim) bmaX(A) bbn( )A Kb(k) r2

440 4.44 4.41 X1O-3 3.30 X 10-2 0.84

550 3.64 4.02 X10-3 1.96x10-2 0.86

33



Table 5- Data for solar zenith angle and the ratio of upwelling radiance to the upwelling

irradiance toward zenith (Q) at 441 and 550nm. See text for details of measurements.

Lat Lon Date Time Stn Zenith Q441 Q550

f“~ow) 1991 local no. Sun Ande

59.983

60.012

60.030

61.660

63.207

63.583

61.517

60.855

61.112

61.112

61.392

60.917

59.662

59.623

61.213

61.158

61.160

61.172

19.948

19.840

19.817

19.970

21.608

21.330

22.598

22.667

22.700

22.738

2~.917

2~.900

22.982

21.082

15.188

15.230

15.235

15.205

19 Jun

19 Jun

19 Jun

20 Jun

21 Jun

21 Jun

22 Jun

22 Jun

23 Jun

23 Jun

24 Jun

24 Jun

26 Jun

26 Jun

27 Jun

28 Jun

28 Jun

28 Jun

61.005 14.728 30 Jun

1o11 3

1215 4

1457 5

1400 7

1440 8

1821 9

0953 10

19.03 11

1058 12

1303 13

0950 14

1511 15

1043 17

1220 18

1534 19

0920 20

1~16 22

1229 23

1454 26

49.07

38.33

40.32

38.8

41.56

61.85

53.33

66.14

45.98

38.01

53.48

41.05

46.92

38.09

45.78

53.51

37.71

38.32

~

6.40

5.98

5.98

4.54

5.04

6.19

5.04

6.19

5.40

5.04

5.21

6.19

6.41

6.41

8.14

6.66

6.41

6.41

6.41

3.45

5.98

6.63

5.039

6.19

7.60

5.58

7.099

5.40

5.40

5.21

5.98

6.86

6.57

7.10

7.10

6.41

6.19

w

Average 6.00 6.12
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Figure Legend

Fig. l.c~ise rack ofhe RRv c~~les D arwin (cruise CD60) showing dates along the

cruise track. MLML refers to the “Marine Light in the Mixed Layer” optical mooring at 590

39’ N x 20059’ w.

Fig. 2- Vertical profiles of backscatter (bb) at two stations: A) 6107.03’ N x 23° 01.4’W,

24 June 1991, 1845h local time; data for bb at 436nm B) same station as panel (A) except

data are for bb at 546nm, C) 59039.1’ N x 200 58.4’W, 26 June 1991, 0930h local time;

data for bb at 436nm D) same station as panel (C) except data are for bb at 546nm. Note

change in scales for X and Y axes between panels A and B versus C and D.

Fig. 3- Map of the study area showing surface contours of A) particulate absorption

coefficient at 440nm, ap440 (X10-2m-l), B) particulate absorption coefficient at 550nm,

ap550 (x10-3 m-1), C)backscattering coefficient at 440nm, bb440 (x10-3 m-l),

D)backscattering coefficient at 550nm, bb550 (x10-3 m- 1), E) calcite-specific

backscattering coefficient at 440nm, bb’440 (X10-3m-1), and F) calcite-specii3c

backscattering coefficient at 550nm, bb’550 (x10-3 m-1). Station locations are shown with

*’s.

Fig. 4- Vertical section along 200W for A) ap440 (X10-2 m-1), B) ap550 (x10-3 m-l),

C)bb440 (X10-3 m-l), D)bb550 (X10-3 m-l), E) bb’440 (X10-3 m-l), and F) bb’550

(X10-3 m-l). Sample locations and depths are shown with *’s.

Fig. 5-A) Raw un~o~ected be~ attenuation v~ues for two ~~smissometers, the VLST

and Sea Tech at 8 stations where both instruments were ruining simultaneously. Beam

attenuation of water (CW)has been subtracted from each data set. The equation relating the

raw data from the two instruments was: cvlst535[0.108]= (1.05 [0.072] x cst660 ) +
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0.207[0.071] ; r2 = 0.97; n=8). Standard error of the dependent variable, slope and

intercept are given in the square brackets. B) Same beam attenuation data as in (A) except

data have been wavelength corrected to 550nm using the model of Voss (1992). The ‘

equation relating the wavelength-corrected results from the two instruments was:

cvlst550[0. 112]= (0.992 [0.068] x cst550 ) + 0.215 [0.074]; r2 = 0.97; n=8). C) Same

beam attenuation data as in (B) except data have been wavelength corrected for differences

in optical geometry according to Voss and Austin (1993). The equation relating the

wavelength-corrected results from the two instruments was: cvlst550[0. 130]=

(0.910 [0.062] x cst550 ) + 0.236 [0.090]; r2 = 0.97; n=8).

Fig. 6. Total light scatter, b, versus tow backscatter, bbtot; A)4,40nm resul~, B)55(3m

results, Values of b were calculated as the difference between beam attenuation (corrected

for wavelength and instrument geometry), and the sum of particulate absorption and water

absorption. Values of bb were calculated entirely independently using volume scatter data

from the Brice Phoenix Light Scattering photometer according to Gordon(1976). Least

square fits are given in the text.

Fig. 7- Same data as in Fig. 6 except b-bis shown vs btot for A)440nm and B) 550nm.

Fig. 8- Advanced Very High Resolution Radiometer (AVHRR) image of 1991

coccolithophore bloom in the NE Atlantic Ocean. Image is from the corrected visible

(channel 1) image of 19 June 1991. Regions of high reflectance appear as light areas in

the image. Clouds and land were masked in each image and are black. This image was

taken from NOAA 11 using the early afternoon pass for channel 1 and processed according

to Groom and Holligan ( 1987). White contours show the same data as in figure 3f,

superimposed on the image. The ship’s location at the time of the image was 59058.9’ N

x 190 59.5’W.

36



Fig. 9- Maps of surface reflectance calculated as described in the text. A) 440nm reflectance

(%) and B) 550nm reflectance (%).

Fig. 10- Comparison of predicted imadiance reflectance and measured irradiance reflectance

at seven stations. A 1:1 line is shown for reference.

A) Data at 440nm. Least squares fit to these data is:

Predicted R440[0.034]= 0.91[0.14]*Measured R440 -0.012 [0.027]; r2=0.89; n=7

B)Data at 550nm. Least squares fit to these data is:

Predicted R550[0.023]= 0.83 [0.10]*Measured R550 +0.0086 [0.018]; r2=0.93

Standard errors of the slope, intercept, and predicted value are given in square brackets for

both equations.

Fig. 11- b-b 550 vs b-b 440 for bloom calculated from bbtot and btot measurements (+

symbols). Variability of b-b 550 vs b-b440 due to changes in chlorophyll concentration

are shown for comparison (relationships given by Gordon and Morel, 1983); the two

endpoint chlorophyll concentrations are shown for reference. A 1:1 line is also shown.
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